High-pressure torsion ͑HPT͒ induced dislocation density evolution in a nanocrystalline Ni-20 wt %Fe alloy was investigated using x-ray diffraction and transmission electron microscopy. Results suggest that the dislocation density evolution is fundamentally different from that in coarse-grained materials. The HPT process initially reduces the dislocation density within nanocrystalline grains and produces a large number of dislocations located at small-angle subgrain boundaries that are formed via grain rotation and coalescence. Continuing the deformation process eliminates the subgrain boundaries but significantly increases the dislocation density in grains. This phenomenon provides an explanation of the mechanical behavior of some nanostructured materials. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3095852͔
Dislocations play a key role in determining the mechanical properties of materials. Manipulating dislocation density and distribution via appropriate processing including annealing and cold working can therefore change the mechanical properties of materials. It has been well known that conventional coarse-grained metals and alloys can be softened by annealing and strengthened by cold working.
1 Annealing reduces the dislocation density in materials, while cold work increases the dislocation density and therefore results in work hardening. On the other hand, an increase in dislocation density by cold working reduces the capacity for further dislocation accumulation and this decreases the ductility of the materials. Interestingly, the processing-property relationships of some nanostructured materials have been reported to be fundamentally different from that of coarse-grained materials. For example, nanostructured Al can be strengthened by annealing and softened by deformation. 2 The unique processing-property relationship of nanostructured materials is considered to be closely related to the unique dislocation behavior/deformation mechanisms made possible by the nanostructuring.
The deformation mechanisms of nanostructured materials are different from that of coarse-grained materials. For example, for materials with grain sizes of tens of nanometers, partial dislocation emissions from grain boundaries play a significant role in plastic deformation.
3-6 The difference in deformation mechanisms affects the evolution of dislocation density during plastic deformation and subsequently affects the mechanical behavior of the materials. In situ x-ray diffraction ͑XRD͒ peak profile analysis of nanocrystalline ͑nc͒ Ni, which has an average grain size of 26 nm, under uniaxial tensile straining 7 has revealed that grain boundaries act as the source and sink for dislocations, leaving no additional dislocation debris, as predicted by molecular dynamics simulations 8 in nc grains. This leads to the absence of substantial work hardening in nc metals. 7 Recent experimental results have demonstrated evidence for grain growth of nc metals and alloys during plastic deformation. [9] [10] [11] The grain growth occurs via grain rotation and coalescence for nc grains of the sizes of ϳ20 nm. [12] [13] [14] The grain rotation process results in the development of a large fraction of small-angle subgrain boundaries with a high density of dislocations located at the boundaries.
14 It is not clear how these boundary dislocations change the global dislocation behavior and subsequently affect the deformation behavior of the materials. To uncover the effect of the deformation induced grain rotation and coalescence on the global dislocation behavior in nanostructured materials, we have applied XRD peak profile analysis and high-resolution transmission electron microscopy ͑TEM͒ to investigate the evolution of dislocation density and distribution of nc Ni-20 wt %Fe disks processed by the high-pressure torsion ͑HPT͒ technique.
The as-received NiFe alloy used in this investigation was produced via electrochemical deposition. 15 Disks with a thickness around 0.7 mm and a diameter of 10 mm were processed using HPT for one and nine revolutions, respectively, under 3.8 GP at room temperature. XRD experiments were carried out using a Siemens D5000 diffractometer. Details of the XRD peak profile analysis method have been described in Ref. 16 . A coarse-grained NiFe sample obtained by annealing the as-received alloy at 600°C for 3 h followed by water quenching was used as the XRD peak broadening reference. TEM observations were carried out using a Philips CM12 microscope working at 120 kV and a JEOL 3000F microscope operating at 300 kV.
a͒ Author to whom correspondence should be addressed. Electronic mail: xliao@usyd.edu.au. Figure 1 shows XRD patterns of the annealed, asreceived, one-revolution HPT, and the nine-revolution HPT samples. All samples are of the same face-centered-cubic structure. XRD peak profile analysis suggests that the dislocation densities in the as-received, the one-revolution HPT, and the nine-revolution HPT samples are 8.3ϫ 10 14 , 5.7 ϫ 10 14 , and 10.2ϫ 10 14 m −2 , respectively, indicating that the dislocation density within the grains of the NiFe alloy does not evolve monotonously but decreases initially and then increases. This dislocation density evolution process is different from that in coarse-grained materials where dislocation density increases initially and then decreases. 17 Plastic deformation induced dislocation density reduction in a nc material has recently been reported by Li et al. 18 during a cold rolling process. However, the latter stage of dislocation density evolution, i.e., deformation induced dislocation density increase, has never been reported. Note that the value of dislocation density calculated from XRD peak profile analysis is usually only semiquantitative. However, the trend of dislocation density evolution is valid if it is measured and analyzed in a consistent way.
The average grain size of the as-received sample is ϳ22 nm. The dislocation density in the as-received sample obtained from statistical analysis of high-resolution TEM images is 1.2ϫ 10 16 m −2 , i.e., close to five dislocations in each grain on average. An example of a grain containing a few dislocations in the as-received sample is shown in Fig. 2 . Such a high density of dislocations in nc grains is very unstable and the dislocations tend to glide to and disappear at grain boundaries when an external force is available to activate dislocation motion. 19 This is proposed as the reason for the dislocation density reduction during the initial stages of HPT of the nc Ni-Fe alloy. Statistical analysis of highresolution TEM images suggests that the dislocation density within the grains of the one-revolution TEM sample is 6.4 ϫ 10 15 m −2 , which is about half of the original density. In addition to reducing the dislocation density within grains, the HPT process also results in grain growth via grain rotation, forming larger grains that contain a large fraction of small-angle subgrain boundaries and high densities of dislocations located at the subboundaries. Figures 3͑a͒ and 3͑b͒ show a bright-field TEM image and a high-resolution TEM image of the one-revolution HPT sample, respectively. The grain sizes of the sample are in the range of 40-250 nm with an average grain size of ϳ95 nm. Atoms at the subgrain boundaries are rearranged and high densities of dislocations formed at the boundaries to accommodate the geometrical misorientation between neighboring subgrains. The grain boundary dislocations are clearly seen in Fig. 3͑a͒ as dotted points and in the high-resolution TEM image in Fig. 3͑b͒ . Note that these boundary dislocations cannot be fully accounted for by XRD because dislocations located at subgrain boundaries do not produce as much elastic strain as those in the grain interior. Including the boundary dislocations increases the dislocation density in the one-revolution HPT sample to about 5.3ϫ 10 16 m −2 , almost one order of magnitude higher than the density value that does not include the grain boundary dislocations.
With the development of the HPT process, the misorientation angles between neighboring subgrains decrease gradually to zero and the dislocations that accommodate the mis- orientation necessarily glide away. 20, 21 Because the subgrain boundaries exist three-dimensionally, 14 it is expected that, when boundary dislocations glide through the grains, the dislocations lying on different groups of ͕111͖ planes will interact and tangle with each other. This not only hinders the motion of dislocations but also provides sources ͑e.g., the Frank-Reed sources͒ for dislocation multiplication within grains. As a result, dislocation density in grains is expected to increase significantly. Figure 4 shows a bright-field TEM image ͑a͒ and a high-resolution TEM image ͑b͒ of the ninerevolution HPT sample. Small-angle subgrain boundaries no longer exist while random distribution of high density of dislocations is observed. The dislocation density in the grains of the nine-revolution HPT sample is ϳ4 ϫ 10 16 m −2 , which is more than six times higher than the dislocation density within the grains of the one-revolution sample but is compatible to the density in the one-revolution HPT sample if dislocations at subgrain boundaries are included.
Note that all the dislocations seen in Fig. 4 are full dislocations ͑partial dislocations are always associated with stacking faults͒, suggesting that the mechanism of partial emissions from grain boundaries does not play an observable role during the deformation process here. The high density of full dislocations seen in Fig. 4 could be generated from both grain interior and grain boundaries.
It was reported that the deformation behavior of a nc Ni-Fe alloy is a function of applied strain; 22 at low strains, deformation is mainly accommodated at grain boundaries, while at high strains, dislocation motion dominates. This phenomenon is consistent with our observations. At the initial stage of deformation, two phenomena were observed: ͑1͒ dislocation density within nc grains decreases, suggesting that there is no dislocation multiplication and that dislocations do not play any significant role in the deformation, and ͑2͒ grain growth occurs through grain rotation and atomic rearrangement at small-angle subgrain boundaries, indicating that the grain boundaries play a significant role at this stage of deformation. Further deformation reduces the misorientation angles between neighboring subgrains and forces the subgrain boundary dislocations to glide away along different groups of ͕111͖ planes, resulting in dislocation tangling that provides additional sources for dislocation multiplication. The dislocation interaction at the later stage of deformation significantly increases both the dislocation density and the dislocation storage capability and, therefore, significantly increases the strength while at the same time retaining the ductility of the materials. 22 In summary, our structural investigation of a nc Ni-Fe alloy at different stages of the HPT process reveals that the deformation induced dislocation density evolution in the material is different from that in coarse-grained materials. Briefly, the dislocation density within grains initially decreases and then increases with increasing HPT strain. 
